Small clusters of Pt adatoms grown on Pt(111) exhibit a preference for the formation of linear chains, which cannot be explained by simple diffusion-limited aggregation. Density functional theory calculations show that short chains are energetically favorable to more compact configurations due to strong directional bonding by d z 2 -like orbitals, explaining the stability of the chains. The formation of the chains is governed by substrate distortions, leading to funneling towards the chain ends. DOI: 10.1103/PhysRevLett.107.016102 PACS numbers: 68.55.AÀ, 61.46.Bc, 68.37.Ef, 68.43.Jk Face-centered cubic (fcc) metals are often considered the prototype of metallic bonding, where the interaction between the cores is mediated by a sea of electrons, in contrast to the well-defined orbitals responsible for covalent bonding in semiconductors and most molecules. One of the consequences of metallic bonding is a preference for high coordination (maximizing the number of nearest neighbors), and for fcc metals simple bond-counting arguments usually give the right answer when searching for the optimum structure. This kind of reasoning is also applied for growth of ultrathin films, where the stability of small adatom clusters is decisive for important parameters like the island density. So it has been argued that the bonding energy of adatom dimers on fcc(111) surfaces is 11%-12% of the cohesive energy, for transition metals as well as for the simple metal aluminum [1] .
Face-centered cubic (fcc) metals are often considered the prototype of metallic bonding, where the interaction between the cores is mediated by a sea of electrons, in contrast to the well-defined orbitals responsible for covalent bonding in semiconductors and most molecules. One of the consequences of metallic bonding is a preference for high coordination (maximizing the number of nearest neighbors), and for fcc metals simple bond-counting arguments usually give the right answer when searching for the optimum structure. This kind of reasoning is also applied for growth of ultrathin films, where the stability of small adatom clusters is decisive for important parameters like the island density. So it has been argued that the bonding energy of adatom dimers on fcc(111) surfaces is 11%-12% of the cohesive energy, for transition metals as well as for the simple metal aluminum [1] .
Structures with lower coordination numbers are known to result from kinetic limitations, e.g., diffusion-limited aggregation (DLA) [2, 3] , where adatoms cannot diffuse along the periphery of an island at low temperatures, leading to ramified island shapes [4, 5] . Low-coordination structures such as atomic chains have also been observed for fcc metals on bcc(110) surfaces, where the lattice constant of the fcc metal does not fit the substrate in the direction perpendicular to the chain [6, 7] . In this case, it is obvious that attachment of adatoms to the sides of the chains is unfavorable; furthermore, pair and triple interactions cause steering of diffusing adatoms to the ends of existing chains [7] . In the current work, we show that the fcc metal Pt deposited on Pt(111) can form adatom chains with a probability far exceeding the prediction of DLA. We present density functional theory (DFT) calculations explaining both the surprisingly high stability of linear chains as well as the reason for the diffusion kinetics required for chain formation.
The experimental work has been performed in a two-chamber UHV system with a base pressure below 2 Â 10 À11 mbar. Pt was deposited by pulsed laser deposition (PLD; 10 laser pulses, 0:0015 ML=pulse; ion energy below the threshold for significant surface damage; for details see Ref. [8] ) or by thermal deposition (TD) from a Pt rod in a liquid-nitrogen cooled electron-beam evaporator. Sample temperatures were between 140 and 180 K. Constant current scanning tunneling microscopy (STM) measurements were obtained with electrochemically etched W tips at T ¼ 78 K, where diffusion of Pt adatoms and larger clusters is negligible. DFT calculations were performed with the Vienna ab initio simulation package (VASP) [9, 10] using the projectoraugmented wave (PAW) method [11, 12] , 268 eV energy cutoff, geometry optimization (forces 0:03 eV= A), and 5-layer substrate slabs. Unless noted otherwise, the Perdew-Burke-Ernzerhof (PBE) functional [13] of the generalized-gradient approximation (GGA) was used. Diffusion barriers were calculated using the nudged elastic band method [14] .
After Pt deposition in the submonolayer range, with deposition parameters chosen such that the mean island size is just a few adatoms, STM images show that many islands have a linear shape. This is true for both deposition methods, PLD and TD (Fig. 1) . Atomic resolution of these islands is difficult because they are easily modified by interaction with the tip when scanning at low tip-sample distances. Nevertheless, the inset in Fig. 1(a) shows that the linear features are one-atom-wide chains. The upper of the two chains in the inset had one or two atoms attached to its side already previously when the overview image was taken, while the extra atom at the side of the lower (longer) chain was clearly not present when taking the overview image and must have been moved to this position by the tip. Fortunately, atomic resolution is not necessary to determine whether an island is a one-atom-wide chain: Adatoms at the side of a chain and wider islands (e.g., two atoms wide) can be identified also in images with lower resolution if one-atom-wide chains are available for comparison. Also the length of the chains can be determined without atomic resolution, by comparison of line scans along the chain with dimers having the same orientation (dimers are the smallest stable structures at these preparation conditions): The apparent length of the chains is that of dimers plus an integer number of Pt-Pt nearest-neighbor distances [ Fig. 1 
week ending 1 JULY 2011 Figure 2 shows the fraction of straight chains for different sizes of the adatom clusters [15] . We show only the combined data of the TD and PLD experiments as any difference between the two preparation methods is less than the error bars. For each cluster size, the second bar is the fraction of straight chains obtained in simulations of diffusion-limited aggregation, where adatoms are frozen as soon as they touch a cluster [17] . It is obvious that the DLA simulation cannot explain the number of straight chains observed; e.g., experimentally, almost 10% of all 6-atom clusters are straight chains, while the DLA simulation yields only 0.4% straight chains for this cluster size.
The stability of straight clusters of various sizes and shapes, as calculated by DFT, can be seen in Table I . For trimers, straight chains are much more stable than compact triangular clusters, even though the triangle has three inplane bonds whereas the chain has only two. For tetramers, the straight and compact configurations have comparable energies; the preference for the compact configuration calculated with the local-density approximation (LDA) [18] is attributed to a strong contraction of the 4-atom chain (''LDA overbinding'') impeding the lattice fit on the substrate. The reason for the unexpectedly high stability of linear chains is a bonding orbital at an energy of 5.1 eV below the Fermi energy [arrow in Fig. 3(a) ]; the corresponding antibonding orbital is unoccupied ( þ 0:4 eV). No such feature is present in an adatom triangle. The charge-density difference for the bonding state of the trimer chain reveals a configuration similar to d z 2 (with z along the chain axis) [ Fig. 3(b) ]. Strong bonding of Pt-group atoms to atoms at opposite sides via d z 2 -like orbitals has been noted before mainly for oxides of these metals [19] .
These DFT results show a high stability of linear chains, but do not explain the formation of the chains. Although a straight chain has lower energy than a chain with a 120 kink, the kinetic barrier for straightening out such a kink [ Fig. 4(a) ] is prohibitive: Using GGA potentials, which tend to underestimate barriers, we obtain a barrier of 0.45 eV for this process, insurmountable at the relevant temperatures and time scales ( % 1 s at 140 K for the TD experiments, <0:1 s at 150-180 K for the PLD experiments). Thus, the unexpectedly large fraction of linear chains (Fig. 2 ) must be mainly due to diffusion and attachment. Concerning the last step of attachment, the   FIG. 2 (color online) . Fraction of straight chains for different adatom cluster sizes n. Experimental data for n ¼ 3 are from TD only (0.01 ML, T % 140 K); n > 3 data include both TD (T % 140 K) and PLD (T % 180 K) experiments with 0.015 ML Pt [15] . Error bars (2) include counting statistics only. For the funneling simulation, the inset shows the sites leading to attachment at the sides of a chain (light gray regions) and at its ends (rhombs). 
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016102-2 DFT-calculated barriers show steering towards the end of a chain when starting at the position shown in Fig. 4(b) : the difference of barriers is % 1:7k B T at T ¼ 180 K favoring attachment at the energetically preferred position, the end of a chain. However, this is not enough to explain the large fraction of linear chains observed by STM. For analyzing adatom diffusion at larger distances from a (linear) cluster, where an adatom might attach to, we take advantage of the well-known fact that the diffusion barrier depends on the strain of the substrate [20] . Whether an adatom can easily reach a given site is not determined by the barrier (from the nearest hollow site to the transition state) but rather by the energy of the highest transition state it has to pass on the way. The transition state is reached near the bridge site, when crossing a bond between two substrate atoms. The transition state energy strongly depends on the length of the substrate bond that the adatom traverses: It is more difficult for the adatom to jump over shorter bonds than over long ones. An analysis of several barriers in Fig. 4(c) gives a value of À1:8 eV= A for the variation of the transition state energy with substrate bond length. Thus, a decrease of the bond length by only 0.007 Å increases the transition state energy by k B T, significantly reducing the probability of an adatom to jump over this bond between two substrate atoms.
The bond lengths of the substrate atoms are modulated in the vicinity of an adatom cluster [ Fig. 4(c) ]: The atoms in the adatom cluster tend to sink into the surface, thereby expanding the triangle of substrate atoms below them and compressing the surrounding of the cluster. This substrate distortion leads to the usual elastic repulsion between adatoms [21] . On the other hand, due to the lower coordination of the cluster atoms, the bonds between them are shorter than in bulk Pt, which would compress the substrate below the cluster along a linear adatom chain and stretch the substrate at the ends of the chain. These two strain fields are superimposed, resulting in almost unperturbed substrate bond lengths at the chain ends, but strongly compressed bonds in the substrate at the side of the adatom chain [thick bonds in Fig. 4(c) ]. Therefore, adatoms approaching the chain ends from the sides in Fig. 4(c) are not significantly impeded in their diffusion, but atoms coming from above or below can only follow straight lines [long arrow at the bottom of Fig. 4(c) ], but they cannot traverse the short bonds. This means that adatoms from a rather large region are funneled to the ends of the chains. As shown in Fig. 4(b) , also adatoms not directly heading towards the end of the chain will be steered to a position where they extend the chain. Adatoms arriving in a trapezoidal zone above and below the chain in Fig. 4(c) can only attach to the sides of the chain.
We have run a Monte Carlo simulation with a simple model, dividing the vicinity of a linear cluster into two rhombs, where the adatoms are funneled towards the end of the chain, and trapezia, which direct the adatoms to the chain sides (inset in Fig. 2) [17] . The resulting fractions of straight chains match the experimental results quite well (Fig. 2) , and thereby support our model.
Let us now ask whether the behavior observed is a unique property of platinum. One of the prerequisites for the effects observed is a high stability of linear adatom chains. It has been noted previously that the late 5d transition metals and Ag show a strong tendency towards chain formation when breaking metal junctions [22] . Table II 
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shows that, besides Pt, only Ir forms linear trimers with an energy below that of the triangle [23] ; for Au, both configurations are degenerate. Thus, the trend is similar, but in the present case only the late 5d metals prefer the linear chains. As expected, this is a property of the adatoms, not the substrate: Our calculations show that Pt trimers also prefer the linear configuration when placed on close-packed Ru, Rh, Pd, Ir, or Au surfaces (in the gas phase, however, the triangular configuration is preferred). Besides sufficient stability of adatom chains to avoid transformation into more compact shapes, chain formation requires funneling of adatoms towards the chain ends. Again, this is an effect where the special properties of the 5d transition metals come into play: 5d elements show the largest inward relaxations of adatoms, and these relaxations cause the substrate distortions responsible for funneling. Nevertheless, weaker, but similar, substrate distortions will be also present in other metals, and we should expect a larger fraction of linear chains than in a DLA model for most metals as long as the temperatures are low enough to prevent spontaneous rearrangement of linear chains into more compact clusters. In heteroepitaxial systems, however, funneling towards the chain ends will not take place if the lattice constant of the deposited material is too large, so that an adatom chain is not contracted with respect to the substrate.
Our analysis of the funneling mechanism also sheds new light on the field-ion microscopy data for Pd and Ir on W(110), where the direction of adatoms towards the ends of adatom chains was explained in terms of the pair and many-body interactions specific for these two adatom types [7] . Substrate strain is the main ingredient for these interactions. As the nearest-neighbor distances of W, Pd, and Ir are very similar, the strain field will be comparable to Pt=Ptð111Þ, and so our qualitative explanation of the influence of bond lengths on adatom diffusion should also hold in the Pd(Ir)/W(110) case, and provide a transparent explanation of the phenomenon. For the final attachment step, d z 2 bonding to the end of the adatom chain will lead to steering in the right direction, similar to Fig. 4(b) . Nevertheless, as mentioned above, the situation for Pd or Ir on W(110) is different from Pt=Ptð111Þ because of the fcc/bcc(110) lattice mismatch, which makes 2D islands less favorable and thus helps to form 1D chains.
In summary, we have found that short adatom chains on Pt(111) and Ir(111) are more stable than more compact configurations, even though the number of nearest neighbors is lower in the chains. This effect is due to a preference for having neighbors at opposite sides, allowing for bonding via a d z 2 -like orbital. Stability of linear chains is necessary, but not sufficient to explain the excess of linear chains observed in thermal deposition and pulsed laser deposition of Pt=Ptð111Þ at low temperatures. The other ingredients are substrate distortions, which strongly modify the diffusion barriers and funnel diffusing adatoms towards the ends of adatom chains.
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